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Abstract:

Heat treatment is an environmentally friendly method used to improve properties of rubberwood.
In this work, the changes in the chemical composition, thermal behavior and thermal degradation
kinetics of heat-treated Hevea brasiliensis (rubber tree) were evaluated using thermogravimetry,
differential scanning calorimetry, and Fourier transform infrared spectroscopy. The rubberwood
samples were exposed to temperatures of 180 °C and 220 °C in air under atmospheric pressure for
durations of 15 25 and 35 h. Thermal analysis revealed degradation of hemicelluloses, an increase
in the relative proportions of cellulose and lignin in heat-treated rubberwood. The thermal
decomposition of rubberwood heat-treated at 220 °C started at a higher temperature compared to
untreated wood. A shift in the position of peaks on differential thermogravimetry and differential
scanning calorimetry curves of heat-treated samples was observed, indicating changes in the
structure of wood polymers. The temperature of heat treatment had a stronger effect on the
chemical composition of rubberwood than duration. Significant changes in the chemical
composition of rubberwood occurred after the treatment duration of 15 h at both 180 °C and 220
°C. The duration of 25 h and 35 h had no further substantial effect. The isoconversional method
of Flynn-Wall-Ozawa was used to determine the kinetics of thermal degradation of untreated and
heat-treated rubberwood. It is found that the average values of activation energy in the conversion
degree range of 0,05 - 0,65 (the thermal degradation of polysaccharides) increased with increasing
treatment temperature and duration. Fourier transform infrared spectra demonstrated alterations in
wood polymers.
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Introduction



Rubberwood is a tropical hardwood species distributed in South East Asia, Africa, and South
America. The largest areas of rubberwood plantations are located in Thailand, Malaysia, and
Indonesia. Rubberwood plantations are created for producing rubber latex, which is intensively
used in different industries. After the trees have been tapped for 25 - 30 years, they are felled and
new ones are planted. Rubberwood is the most valuable raw material in the South East Asia region
for dried wood lumbers and wood products, such as structural wood and furniture (Killmann and
Hong 2000, Eufrade Junior et al. 2015, Zhao et al. 2019, Chanpet et al. 2020).

The low strength, dimensional instability, and durability of rubberwood constrain its use
(Ratnasingam and loras 2012, Umar et al. 2016). Heat treatment is environmentally friendly and
one of the most effective pretreatment methods that provides desirable properties of wood such as
biological durability, greater dimensional stability and change on the original color without using
chemicals (Esteves et al. 2013, Kubovsky et al. 2020). This method is becoming the treatment of
choice when dealing with fast-growing plantation of wood species used extensively for making
furniture, wood-based panels in Indonesia, Malaysia, Thailand (Ratnasingam and loras 2013).
Heat treatment initiates a process of wood polymer degradation and possible crosslinking with
degradation products, which significantly changes the initial structure and interaction of wood
polymers (LOpez-Gonzalez et al. 2013, Sikora et al. 2018). The chemical changes are affected by
many external conditions (temperature, duration, atmosphere, and others). The temperature is
considered as a key factor (Esteves and Pereira 2008, Kubovsky et al. 2020). The effect of thermal
modification on wood properties has been comprehensively described by Esteves and Pereira
(2008), Hill et al. 2021.

Previous studies have shown that Fourier transform infrared spectroscopy and thermal analysis
can be used to evaluate characteristics of heat-treated wood (Gao et al. 2006, Gonzalez-Pefia et al.

2009, Korosec et al. 2009, Korosec et al. 2017, Ozgenc et al. 2017, Lin et al. 2018, Lopes et al.



2018, Kubovsky et al. 2020). The results contribute to the recognition of the mechanisms of
thermal degradation of wood and can provide insights into the applications of heat-treated wood
for exterior and interior uses. The kinetic parameters of wood thermal degradation are useful for
understanding the thermal degradation process and providing information for treatment design
(Poletto et al. 2012). The Flynn-Wall-Ozawa (FWO), Friedman and Kissinger methods are widely
applied to determine the kinetic parameters. There have been several studies of heat-treated
rubberwood using thermal analysis and Fourier transform infrared (FTIR) spectroscopy (Devi et
al. 2004, Srinivas and Pandey 2012, Zhang et al. 2019, Li et al. 2020a). However, little information
has been provided on the parameters and kinetics of its thermal degradation.

The aim of this work was to evaluate changes in the chemical composition, thermal behavior and
thermal degradation kinetics of rubberwood subjected to heat treatment at different temperatures
and durations, using thermogravimetry (TG), differential scanning calorimetry (DSC) and the

fourth derivative of the FTIR spectrum.

Material and methods

Rubber tree (Hevea brasiliensis (Willd. ex A.Juss.) Mill. Arg.) derived from the region of Nakhon
Shi Tamarat in Thailand. Samples were dried to air dry conditions and stored for three months.
However, before heat treatment over hundred degrees Celsius the samples had to be dried close to
net zero moisture content to avoid undesirable cracks and damages. The samples of rubberwood
17 by 17 cm were treated in a chamber at 180 °C and 220 °C in an air atmosphere under
atmospheric pressure for durations of 15 h 25 h and 35 h. For determining density EN 1097-3:1999

(1999) standard was used, however numbers of the samples were six for every temperature and



treatment duration, and the results were averaged. Density was determined in net zero moisture
conditions before treatment and right after thermal treatment.

Then samples of rubberwood were carefully sawed with a fine-tooth metal saw to obtain powder.
The powdered samples were used for thermal analysis and FTIR spectroscopy.
Thermogravimetry (TG 209F1, Netzsch, Germany) was carried out in an air atmosphere with a
gas flow of 20 mL/min from 25 °C to 700 °C, in a corundum crucible (Al.Oz3) at heating rates of
10 °C/min 20 °C/min and 40 °C/min. Differential scanning calorimetry (DSC 204 F1, Netzsch,
Germany) was performed in an air atmosphere with a gas flow of 40 mL/min from 25 °C to 590
°C and a heating rate 10 °C/min, in an aluminum crucible with pierced lid. The data were analyzed
using NETZSCH Proteus software. In this work, we discuss the results of thermal analysis (TG,
DSC) in a temperature range of 150 °C - 600 °C where thermal degradation of the main wood
polymers takes place.

FTIR spectra were obtained by VERTEX 80V IR Fourier Spectrometer (Bruker Optics Germany)
in a spectral range of 8000 cm™ - 350 cm™ at a spectral resolution of 0,2 cm™, with a wavenumber
repeatability of + 0,05 cm™. The samples were prepared by mixing powdered samples with ~100
mg KBr and then compressing them to form a thin tablet.

The thermogravimetric data were used to determine the Kinetic parameters through the
isoconversional method of Flynn-Wall-Ozawa. The activation energy calculated according to the
FWO method is called the apparent activation energy because it is the sum of the activation
energies of the chemical reactions and physical processes that occur simultaneously during thermal
degradation of wood. Baroni et al. (2016) demonstrated that the kinetic parameters calculated
using the FWO model were in a satisfactory agreement with experimental data on wood
decomposition.

The energy of activation (£,) was calculated according to an Equation 1 (Mamleev et al. 2004):



In(5) = In(
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f

Where a is the degree of conversion: a =

experiment, m is the actual sample mass at temperature T, mf is the final sample mass after thermal
decomposition, B is the heating rate, R is the gas constant, A is the pre-exponential factor, F(a) is
the function of the mathematical representation of FWO kinetic model. The activation energy (Ea)
Is calculated from the straight-line slope of In () versus 1/T.

T-test was used to estimate whether TG and DSC parameters for heat-treated and untreated
rubberwood were significantly different. The differences were considered significant at p<0,05.
Statistical analysis of data was performed using the STATISTICA 10 program (StatSoft Inc, Tulsa,

OK, USA).

Results and discussion

Density

Thermal treatment significantly affected the density of the rubberwood samples. See the data in

Table 1.

Table 1: Density change of treated and untreated rubberwood samples



Temperature Treatment Oar‘i/%irgaledve;fliety Density reduction
(°C) duration (h) (kg%m*)* (%)

15 69042 2,941,055

& 25 691437 3,640,656
35 675421 5,641,064
15 648420 9,312,139

S 25 685426 14,37+3,008
35 68229 14,615,940

* average density value of six sample

The rise of temperature from 180 °C to 220 °C considerable increase the mass loss what is in
harmony with former research in other wood species (Pasztory 2017). Interesting that there is not
much difference between 25 h and 35 h in 220 °C treatment. It seems most of degradable

component decomposed in this temperature and the longer treatment causes only slight mass loss.

Thermal analysis (TG, DSC)

Thermal degradation of wood in TG and DSC measurements occurs as a result of the breakdown
of its individual components (Kacik et al. 2017). Hemicelluloses, cellulose, and lignin degrade at
different temperature ranges. Hemicelluloses decompose in a lower temperature range (225 - 325)
°C than cellulose (305 - 375) °C (Shen et al. 2009). Lignin starts to decompose slowly at low
temperatures of 200 °C - 275°C but the main process occurs around 400 °C (Brebu and Vasile
2010). The intervals of the thermal degradation of wood components partly overlap.

The thermogravimetric (TG) and differential thermogravimetric (DTG) curves of untreated and
heat-treated rubberwood are presented in Figure 1. The TG curve shows the mass loss and the
DTG curve represents the mass loss rate. As can be seen from Figure 1, the shape of DTG curves
and position of DTG peaks for the heat-treated samples differ from untreated wood. According to

DTG peaks, the thermal degradation of rubberwood samples can be divided into three stages of



mass loss: at (180 - 200) °C - (300 - 303) °C and (300 - 303) °C -380 °C, and at 380 °C - 500 °C,
which related to the thermal decomposition of hemicelluloses, cellulose and lignin, respectively.
In an oxidizing atmosphere, the first two stages are characterized by the release of volatile
substances and their ignition, which leads to the formation of char. The third stage is associated
with the combustion (oxidation) of char. Lignin is the main contributor in this stage as it is the
main responsible for char formation (LOpez-Gonzalez et al. 2013, Kacik et al. 2017). The mass
loss occurring at each stage of the thermal decomposition of untreated rubberwood is consistent
with the literature data on the chemical composition of rubberwood: 57,7 - 77,8 % holocellulose,

38,5 - 41,6 % a-cellulose, and 16,6 - 17,8 % Klason lignin (Simatupang et al. 1994, Zaki et al.

2012, Severo et al. 2016).
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Figure 1: TG and DTG curves of rubberwood in an air atmosphere at heating rate 10 °C/min.
(line 1): untreated; (line 2): heat treated at 180 °C; (line 3): heat treated at 220 °C
duration: (a) 15 h; (b) 25 h; (c) 35 h.

The first DTG peak at 295 °C on the DTG curve of untreated wood assigned to the breakdown of

amorphous polysaccharides (mainly hemicelluloses) became visible as a shoulder or disappeared

after heat treatment (Figure 1). It indicates the loss of hemicelluloses in the heat-treated samples.



During heat treatment in a temperature range from 170 °C to 230 °C hemicelluloses are the most
affected compounds of wood (KoroSec et al. 2017). Their decomposition occurs through
deacetylation and dehydration reactions. Acetic acid released acts as a catalyst for
depolymerization, which further increases the decomposition of polysaccharides (Esteves and
Pereira 2008).

The thermal decomposition of rubberwood heat-treated at 220 °C started at a higher temperature
compared to the untreated wood. The heat-treated rubberwood exhibited significantly lower mass
loss of hemicelluloses compared to untreated wood (Table 2). It can be clearly seen that the
decomposition of hemicelluloses increased with increasing treatment temperature 180 °C and 220
°C. The similar results of TG measurements were obtained by Korosec et al. (2009) for thermally
treated spruce wood. The heat treatment temperature had a stronger effect than the duration of the
heat treatment. A significant decrease in the relative proportion of hemicelluloses in the heat-
treated samples was observed after duration of 15 h at both temperatures. The extended time of 25
h and 35 h resulted in a slight decrease of hemicelluloses mass loss (< 1 %) indicating a
diminishing trend of their further degradation during heat treatment. The differences in mass loss
of hemicelluloses between all heat-treated samples and untreated rubberwood were statistically
significant. Gonzéalez-Pefia et al. (2009) also observed that a sample mass loss due to the

decomposition of wood hemicelluloses was more affected by temperature than by processing time.

Table 2: Stages of rubberwood thermal degradation at a heating rate 10 °C/ minin an air
atmosphere (mean + standard deviation).



Sample Temperature Mass Temperature Mass Temperature Mass Residual
region °C loss (%) region °C loss (%) region °C loss (%) | mass (%)
DTG peak; DTG peaks DTG peaks; °C
°C °C
Untreated 180-303 34,05+ 303 - 380 35,04 = 380 -500 20,57 £ 2,59+
295 £0.6 0,46 321+0.,6 1,16 435+29 0,65 1,16
180°C 15h 180—300 26,08 = 300 —-380 42,55+ 380 —-500 22,15+ 325k
0,25 322+1,0 0,98 442 +40 0,72 0,55
180°C25h 180 -300 25,66 £ 300 - 380 4335+ 380 —500 22,69 £ 3,14+
0,46 321 £ 1,5 0,89 454+2.5 0,68 1,28
180°C35h 180300 25,65 + 300 —380 41,27+ 380 - 500 23,74 + 381+
0,76 318 +0,6 0,83 427+32 0,94 0,16
220°C15h 200-300 19,96 = 300 - 380 4339+ 380 —-500 28,06 £ 291+
0,42 316+ 1,0 0,30 449+£2.0 0,48 0,48
220°C25h 200 -300 20,55 = 300-380 39,71+ 380 -500 31,63 247+
2,06 307 £0.,6 1,23 446 + 2,1 0,70 1,19
220°C35h 200-300 19,21+ 300 —-380 41,37+ 380 —-500 30,26 £ 3,07
2,11 310+ 1,5 1,71 447+ 4.4 0,91 0,90

The second peak on the DTG curve attributed to the decomposition of cellulose for samples heat-
treated at 220 °C shifted to a lower temperature range due to decomposition of hemicelluloses and
probably amorphous regions of cellulose. The differences in the second peak temperature were
statistically significant between heat-treated at 220 °C for 15, 25, 35 h and untreated rubberwood.
Amorphous cellulose starts to decompose when the treatment temperature reaches 180 °C. The
crystalline cellulose is more resistant to heat treatment (Korosec et al. 2017). TG results showed a
statistically significant increase in mass loss associated with the second peak after the heat
treatment at both temperatures (Table 2). We believe that the higher relative proportion of cellulose
was observed due to decomposition of hemicelluloses and, as a result, a change in the ratio of
major wood components in the heat-treated samples. Our results are consistent with observations
of Kacik et al. (2017) for heat-treated silver fir wood. With longer treatment duration at both
temperatures, the mass loss slightly decrease because cellulose was more affected.

The third DTG peak in the temperature range of 380 °C - 500 °C mainly related to thermoxidation
of lignin shifted to a higher temperature range for the heat-treated samples, except for rubberwood
heat-treated at 180 °C for 35 h. This may be due to the effect of hemicelluloses decomposition and
some alterations in lignin. Lignin starts to degrade in the beginning of the heat treatment but at a
lower rate than polysaccharides (Esteves and Pereira 2008). The differences in third peak

temperature were statistically significant between heat-treated and untreated rubberwood, except



for the heat treatment at 180 °C for 15 h. The mass loss associated with lignin degradation
increased after heat treatment at 180 °C and 220 °C, indicating a higher proportion of lignin. These
changes in mass loss of lignin were statistically significant for all heat-treated samples. The
samples heat-treated at 220 °C exhibited much greater mass loss than samples heat-treated at 180
°C. An increase in lignin content after heat treatment is attributable to decomposition of
polysaccharides and condensation reactions between lignin and polysaccharide breakdown
products (Hill et al. 2021). The results of thermogravimetry are consistent with the findings that
the relative proportion of lignin increases in heat-treated wood (Brito et al. 2008, Ates et al. 2009,
Severo et al. 2016, Lopes et al. 2018, Cui and Matsumura 2019). No statistically significant
differences were found in the residual mass, corresponding to the presence of inorganic salts,
between heat-treated and untreated wood.

In an air atmosphere, the heat flow curves (DSC curves) for all samples showed two main
exothermic peaks in the temperature region 150 °C - 520 °C related to the thermal degradation of
polysaccharide complex and lignin, respectively (Figure 2). The intensity of the first peak
decreased and the intensity of the second peak increased after heat treatment at 220 °C for 25 h
and 35 h. Both exothermic peaks on the DSC curves of rubberwood treated at 220 °C shifted to a
higher temperature region compared to untreated rubberwood. This indicates a stronger effect of
high temperature on wood polymers. These results were statistically significant. The values of
exothermic effect for the samples heat treated at 180 °C for 35 h and at 220 °C for 25 h and 35 h
were higher compared to untreated wood (Figure 3), but these differences were not statistically

significant.
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Figure 2: DSC profiles of rubberwood in an air atmosphere at a heating rate of 10 °C/min.
(line 1): untreated; (line 2): heat treated at 180 °C; (line 3): heat treated at 220 °C
duration: (a) 15 h; (b) 25 h; (c) — 35 h.
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Figure 3: Exothermic effect of rubberwood thermal decomposition in an air atmosphere at a
heating rate of 10 °C/min obtained by DSC (mean * standard deviation).

Kinetic analysis



The kinetics of wood thermal degradation can be summarized by three reactions corresponding to
decomposition of the main wood components: the most reactive hemicelluloses, cellulose, and
lignin. Figure 4 shows the dependence of activation energy (Ea.) on conversion degree between
0,05 and 0,95. In the temperature range of the thermal decomposition of polysaccharide complex
(hemicelluloses, cellulose) at 0,05 < a < 0,65 the average value of Ea increased with the heat
treatment temperature and duration (Figure 5a). With increasing temperature and duration of heat
treatment, the proportion of hemicelluloses in the polysaccharide complex decreases but the degree
of cellulose ordering increases due to dehydration and removal of firmly bound moisture from the
interfibrillar space. This probably leads to a corresponding increase in Ea. During the thermal
decomposition of wood in the conversion degree range of 0,05 - 0,65, the dependence E, = f(a)
for the heat-treated samples was characterized by two activation energy maxima, which indicate
the two-stage process of the thermal decomposition of polysaccharide complex (Figure 4).

No significant differences in Ea values were observed at the stage of lignin degradation (0,60 < o
< 0,95) (Figure 5b) the average values of Ea in both cases were close - 337,4 kJ/mol + 82,3 kJ/mol
(the heat treatment at 180 °C) and 334,9 kJ/mol + 65,4 kJ/mol (the heat treatment at 220 °C). As
it can be seen from Figure 4 and Figure 5, the changes in lignin caused by the heat treatment are

stochastic apparently due to the specific structure of lignin.
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Figure 4: The dependence of activation energy on conversion degree determined by FWO
method for rubberwood heat-treated at 180 °C and 220 °C for 15 h 25 h and 35 h.
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Figure 5: (a) The dependence of the average activation energy of the thermal decomposition of
polysaccharide complex and (b) lignin on treatment duration.

FTIR spectroscopy

Analysis of the FTIR spectra of wood is normally represented in the “fingerprint” region (1800
cm? and 600 cm™) in which specific and common bands appear assigned to hemicelluloses,
cellulose, and lignin. Figure 6 shows the FTIR spectra of the heat-treated and untreated
rubberwood samples. The resolution of spectra can be enhanced by derivative FTIR spectroscopy.
We used the fourth derivatives of the FTIR spectra to identify peaks (Figure 7). The negative
values of the 4" derivatives are taken to be zero, since the maxima of the derivatives correspond
(by wavenumber value) to the maxima of the original FTIR spectra. The intensities of absorption

bands were obtained from the original FTIR spectra.



——Untreated —— 180(25) ——220(25)

L4
1.2

it o
0,8 1
0,6 -
0,4
0,2 -1

Absorbance (r.u.)

0 T T
1800 1600 1400

1200
k (cm!)

1000 800 600

Figure 6: FTIR spectra of rubberwood samples treated at 180 °C at 220 °C during 25 h as an

Aok 100 PA10°

dAOK100

example.
—— Untreated —— 180
a 120
50 . 100
S 80
30 § 60
” 2 40
20
0
-10 T T 1 -20
1740 1700 1660 1620
k(cm)
35 30
. 25
25 = 20
% 15
<
15
§ 10
5 5
0
'5 T T T 1 '5
1360 1320 1280 1240
k (cm)
35 f 100
c
25 | 5, 50
i 60
15 % 40
Z & 20
£>O®s\ 0
-5 -20

940 930 920 910 900 890 880
k (cm™)

(25) —220(25)

1500 1460 1420

k (em)

T T

1160 1120 1080 1040
k (cm™)

700 680 660 640 620 600
k (cm™!)



Figure 7: The fourth derivatives of FTIR spectra of heat-treated and untreated rubberwood as an
example.

The absorption bands between 1750 cm™ and 1700 cm™ are attributed to C=0O stretch in
unconjugated ketones and in ester groups (frequently of polysaccharide origin); conjugated
aldehydes and carboxylic acids (Esteves et al. 2013, Pozo et al. 2016). FTIR results showed that
the intensities of the absorption bands at 1735 cm™ and 1720 cm™ decreased at heat treatment 180
°C for 15 h compared to untreated wood, which might be due to the breaking of acetyl groups in
hemicelluloses (Kotilainen et al. 2000, Esteves et al. 2013, Kubovsky et al. 2020). The absorption
band at 1735 cm™ shifted to lower wavenumbers for rubberwood heat-treated at 220 °C. The
intensities of the bands at 1735 cm™ and 1720 cm™ increased with increasing treatment severity.
This may be due to an increase in carbonyl or carboxyl groups in polysaccharides or lignin as a
result of oxidation (Kotilainen et al. 2000, Esteves et al. 2013). Li et al. (2020b) reported that the
thermal oxidation reaction among main components of rubberwood become more intense as the
heat treatment temperature increases. An increase in the intensity of the bands around 1730 cm™
after thermal modification of wood was observed by other authors (Esteves et al. 2013, Ozgeng et
al. 2017, Sikora et al. 2018).

The absorption bands at 1595 cm™ for aromatic skeletal vibrations plus C=0 stretching and 1502
cm! for aromatic skeletal vibration are considered as characteristic for lignin (Pozo et al. 2016).
The absorption band at 1502 cm™ shifted to smaller wavenumbers for heat-treated samples.
Compared to untreated wood, the intensities of the bands at 1595 cm™ and 1502 cm™ decreased
after heat treatment at 180 °C for 15 and 25 h due to lignin degradation reactions. With increasing
severity of the heat treatment, the intensity of these bands increased. We believe this may be due
to several reasons: 1) oxidation of some reactive sites in lignin resulting in formation of carbonyl
groups (Kaotilainen et al. 2000, Li et al. 2020a), 2) a substantially higher content of lignin (Pandey
and Nagveni 2007), 3) condensation from the cleavage of -O-4 linkages and the breaking of

aliphatic side chains of lignin (Lin et al. 2018, Sikora et al. 2018). Kubovsky et al. (2020) reported



that the predominance of lignin degradation occurred at lower temperatures of the heat treatment;
higher temperatures caused mainly condensation reactions.

The absorption bands at 1164 cm™ and 1061 cm™ are characteristic for polysaccharides. The band
at 1164 cm™ is assigned to C—O—C asymmetric stretch vibrations and the band at 1061 cm™ is
attributed C—O stretching vibrations (Pozo et al. 2016). The absorption band at 1164 cm™ shifted
to smaller wavenumbers for rubberwood heat-treat at 220 °C. The intensity of these bands
decreased for heat treatment at 180 °C for 15 h and increased with severity of treatment. These
results are consistent with observations of Gonzalez-Pefia et al. (2009) and Ozgeng et al. (2017)
who reported an increase in the intensities of the bands at 1155 cm™ — 1159 cm* and 1057 cm*
for thermally-modified wood. The authors suggested that the higher intensity of these bands might
be associated with an increase in the content of crystalline cellulose as well as with condensation
reactions. Increased absorption band at 1061 cm™ can also indicate the formation of aliphatic
alcohols. Kubovsky et al. (2020) observed a slight increase in the height of the band at 1161 cm™
for the holocellulose complex isolated from heat-treated samples, which indicates dehydration
reactions with the formation of covalent intermolecular bonds, i.e., cross-links, by ether bonds and

gradual degradation of polysaccharides.

Conclusions

The effect of heat treatment on the chemical composition, thermal behavior and thermal
degradation kinetics of heat-treated rubberwood was studied. Thermal analysis (TG, DSC) of heat-
treated rubberwood indicated a loss of hemicelluloses, an increase in the relative proportions of

cellulose and lignin, and changes in the structure of wood polymers.



The treatment temperature had a greater effect on the chemical composition of rubberwood than
treatment duration.

The FWO results showed that the activation energy in the conversion degree range of 0,05 - 0,65
increased with increasing temperature and duration of the heat treatment.

FTIR spectra showed changes in the characteristic absorption bands of polysaccharides and lignin,
but the interpretation of FTIR results is difficult because of the appearance of functional groups
that coincide with the characteristic bands of wood polymers, due to different reactions occurring

simultaneously during heat treatment.
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